ABSTRACT FOXO family members (FOXOs: FOXO1, FOXO3, FOXO4 and FOXO6) are important transcription factors and tumor suppressors controlling cell homeostasis and cell fate. They are characterized by an extraordinary functional diversity, being involved in regulation of cell cycle, proliferation, apoptosis, DNA damage response, oxidative detoxification, cell differentiation and stem cell maintenance, cell metabolism, angiogenesis, cardiac and other organ's development, aging, and other critical cellular processes. FOXOs are tightly regulated by reversible phosphorylation, ubiquitination, acetylation and methylation. Interestingly, the known kinases phosphorylate only a small percentage of the known or predicted FOXOs phosphorylation sites, suggesting that additional kinases that phosphorylate and control FOXOs activity exist. In order to identify novel regulators of FOXO3, we have employed a proteomics screening strategy. Using HeLa cancer cell line and a Tandem Affinity Purification followed by Mass Spectrometry analysis, we identified several proteins as binding partners of FOXO3. Noteworthy, Polo Like Kinase 1 (PLK1) proto-oncogene was one of the identified FOXO3 binding partners. PLK1 plays a critical role during cell cycle (G2-M transition and all phases of mitosis) and in maintenance of genomic stability. Our experimental results presented in this manuscript demonstrate that FOXO3 and PLK1 exist in a molecular complex through most of the phases of the cell cycle, with a higher occurrence in the G2-M cell cycle phases. PLK1 induces translocation of FOXO3 from the nucleus to the cytoplasm and suppresses FOXO3 activity, measured by the decrease in the pro-apoptotic Bim protein levels and in the cell cycle inhibitor protein p27. Furthermore, PLK1 can directly phosphorylate FOXO3 in an in vitro kinase assay. These results present the discovery of PLK1 proto-oncogene as a binding partner and a negative regulator of FOXO3 tumor suppressor.
INTRODUCTION
FOXO family members (FOXO1, FOXO3, FOXO4 and FOXO6) are important transcription factors and tumor suppressors involved in the control of cell homeostasis and cell fate. They regulate various critical functions, having a "remarkable functional diversity" 1, 2 , regulating cell cycle, proliferation, apoptosis, DNA damage response, oxidative detoxification, cell differentiation and stem cell maintenance, cell metabolism, angiogenesis, cardiac development, aging and other cellular processes 2 . FOXO3 activation can result in modulation of multiple critical cellular processes, such as cell cycle arrest (through upregulation of p27, p21 expression, and downregulation in Cyclin D1 and Cyclin D2 expression) 2 and apoptosis. FOXOinduced apoptosis can be initiated by both the intrinsic pathway (upregulation of Bim, Puma, Noxa) and extrinsic pathway of apoptosis (upregulation of Apo2L/TRAIL, FasL and TRADD) [2] [3] [4] [5] [6] . Immunometabolism is also a new cutting edge area of research that investigates the bidirectional regulation between immune system and metabolism 7 . FOXOs and PI3K pathway are critical in regulation of both the immune system 8, 9 and the metabolism 10 . FOXO family members (FOXOs) are tightly regulated by reversible phosphorylation, ubiquitination, acetylation and methylation 1, 2, 11 . FOXOs can be inactivated by direct phosphorylation of several well known kinases, such as AKT, IKK, SGK and ERK, resulting in their nuclear exclusion and transcriptional inhibition 2, [12] [13] [14] . Our previous studies identified PP2A as the first phosphatase that binds and dephosphorylates FOXO3 at AKT-dependent sites, thus reactivating the FOXO3 transcription factor 15 . On the other hand, phosphorylation of other FOXOs phosphorylation sites by few specific kinases can result in its cytoplasmic -nuclear translocation and activation. For example, MST1 phosphorylates FOXO3 at Ser207, which induces FOXO3 dissociation from the scaffold protein 14-3-3, causing relocalization to the nucleus and transcriptional-dependent expression of FOXO3 targets, such as the pro-apoptotic Bim [15] [16] [17] . Interestingly, the known kinases phosphorylate only a small percentage of the known or predicted FOXOs phosphorylation sites 18 . This suggests that additional kinases that phosphorylate and control FOXOs activity exist.
The inhibition of FOXO tumor suppressors transcriptional activity, which can be done by several mechanisms, including AKT or ERKmediated inactivation or mutations (fusion mutants), is an important mechanism identified in a variety of malignancies [19] [20] [21] . For example, Bcr-Abl mediated suppression of FOXOs was recently shown to be critical for progression of Leukemia ,2, 12, 22, 23 . Thus, the discovery of novel mechanisms and strategies that regulate FOXOs and can be targeted for re-activation of FOXOs hold promise for cancer treatment.
In order to identify novel regulators of FOXO3, we have employed a proteomics screening strategy. Using HeLa cancer cell line and a Tandem Affinity Purification followed by Mass Spectrometry analysis, we identified several proteins as novel binding partners of FOXO3. Noteworthy, Polo Like Kinase 1 (PLK1) protooncogene was identified as a FOXO3 binding partner. PLK1 is a member of the Polo-Like kinases family, comprising of PLK1, PLK2 and PLK3, a conserved family of kinases, critical in regulation of cell cycle/proliferation and in DNA damageinduced checkpoints 24 . ♦ FOXO family members are important transcription factors involved in the control of critical and very divers cellular functions and processes, such as: cell cycle, proliferation, apoptosis, DNA damage response, oxidative detoxification, cell differentiation and stem cell maintenance, cell metabolism, angiogenesis, cardiac development, aging, and other critical cellular processes PLK1 plays a critical role during mitosis and in maintenance of genomic stability. PLK1 is a proto-oncogene overexpressed in a wide range of malignancies (including but not limited to melanoma, non-small lung cancer, gastro-instestinal cancers and prostate cancer). Interestingly, PLK1 is associated with an increased risk for metastasis [24] [25] [26] [27] . Several PLK1 inhibitors have been developed and PLK1 suppression with small molecules is analyzed in clinical trials for the treatment of Acute Myelocytic Leukemia (AML) and other malignancies 23, [28] [29] [30] [31] . Our experimental results presented here demonstrate that FOXO3 and PLK1 exist in a molecular complex throughout most of the phases of the cell cycle, with a higher occurrence in the G2 and M phases of the cell cycle. PLK1 induces translocation of FOXO3 from nucleus to the cytoplasm and suppresses FOXO3 activity, measured by the decrease in the protein levels of the pro-apoptotic Bim and of the cell cycle inhibitory protein p27. Furthermore, PLK1 can directly phosphorylate FOXO3 in an in vitro kinase assay. These results present the discovery of PLK1 as a binding partner of FOXO3 that negatively regulates FOXO3 localization and activity.
MATERIALS AND METHODS

Cell lines, transfections and synchronization
HeLa and HEK293T cell lines were obtained from ATCC (American Type Culture Collection) and maintained in Dulbecco's modified Eagle's Medium (DMEM; Mediatech Inc., Manassas, VA, USA) supplemented with 10 % Fetal Bovine Serum (FBS, HyClone/Thermo Scientific, Waltham, MA, USA), L-Glutamine (Mediatech Inc.) and Penicillin/Streptomycin (Mediatech Inc.) (complete DMEM). All cell lines were cultured in an atmosphere of 37C and 5% CO2.
Transient transfections of DNA plasmids were done by using Lipofectamine 2000 (Invitrogen, Grand Island, NY, USA), as described before 32, 33 , according to the manufacturer's specifications. For experiments involving cotransfection, total transfected DNA was held constant by the addition of an empty control plasmid (pcDNA3).
When specified, cells were synchronized with Nocodazole for 24h and released. Cells collected at 0, 5, 10, 15 and 20h after Nocodazole release were evaluated for cell cycle phases by analyzing the Cyclins expression (B1, A), which are particularly expressed in specific phases of the cell cycle and PLK1 (mainly expressed in G2 and M phases of the cell cycle) 34 . Plasmids pcDNA3-FLAG-HA plasmid was provided by William Sellers (DFCI, Harvard Medical School) 35 . pcDNA3-FLAG-HA-FOXO3 and TM (FOXO3 triple mutant with T32, S253, and S315 modified to Alanine) were developed by PCR cloning. pcDNA3-FLAG-HA and pcDNA3-FLAG-HA-FOXO3 were used in the proteomic screening. FOXO3 mutations were generated by standard PCR based site-directed mutagenesis (Stratagene) using pcDNA3-FLAG-HA-FOXO3 as a template. pcDNA3-FLAG-FOXO1 was provided by KunLiang Guan (Moores Cancer Center, University of California from San Diego, CA, USA) 36 . FOXO1 mutants were generated by standard PCR based site-directed mutagenesis. GLOFLAG3-FLAG-FOXO4 was provided by Boudewijn Burgering (University Medical Center Utrecht, Utrecht, Netherlands) 37 . GST-FOXO3 was bought from Addgene (GST-FOXO3a WT, Plasmid #1790). pcDNA3-PLK1 plasmid was provided by Professor Wenyi Wey (BIDMC, Harvard Medical School, Boston, USA). The shRNAs were provided by Sigma. Purified PLK1 kinase was purchased from Cell Signaling.
Western Blot
Western Blot was performed as described before 38, 39 . Briefly, the cells (10 cm dishes) were washed twice with phosphate-buffered saline (PBS) then scraped on ice in either RIPA buffer (Boston BioProducts), or EBC lysis buffer (in immunoprecipitation experiments) (50mm Tris-HCL [pH 8.0], 120mM NaCl, 0.5% [v/v] Nonidet P-40 (NP-40), and 5mM EDTA) supplemented with protease inhibitors (Complete, Roche Applied Science) and phosphatase inhibitors (Halt Phosphatase Inhibitor Cocktail, Pierce Biotechnology). Protein concentrations were measured by using the BCA protein assay reagent (Pierce). Equal amounts of soluble protein were diluted with EBC or RIPA lysis buffers, followed by SDS-PAGE, transfer and probing with the specified antibodies.
Antibodies
The following antibodies were purchased from Cell Signaling Technology: PLK1 (208G4), pan-Akt (C67E7), (C31E5), pAkt (S473) (193H12), FOXO3 (75D8), and Bim (#2819). The following antibodies were purchased from Santa Cruz Biotechnology: pan 14-3-3 (K-19), FOXO3 (H-144). AntiFOXO3a/FKHRL1 Antibody (07-702) was purchased from Millipore. The FLAG (M2)-horseradish peroxidase (HRP) conjugate and β-actin (clone AC-15) were purchased from Sigma. For immunoblotting, all antibodies were used at a 1:1 000 dilution with the exception of the anti-FLAG (M2)-HRP (1:20 000), anti-β-Actin (clone AC-15) (1:20 000) and anti-pan 14-3-3 (1:2 000).
Immunoprecipitation/Co-immunoprecipitation
For immunoprecipitation 15 , cells were lysed in EBC lysis buffer and the whole cell lysates were then pre-cleared for 1h at 4 o C with protein A/protein G plus agarose (Calbiochem) and then incubated for 2h at 4 o C while rotating with anti-FLAG (M2) affinity gel (Sigma) (20µL packed beads). FLAG immunocomplexes were washed three times with EBC buffer supplemented with protease and phosphatase inhibitors before being boiled in Laemmli reducing sample buffer. Immunocomplexes and 5%-10% of the immunoprecipitation input from the initial whole cell lysate were analyzed by immunoblotting as indicated in the respective figures. To detect the endogenous interactions, whole cell lysate (2-3mg) was pre-cleared for 1h at 4 o C with protein A/protein G plus agarose and then incubated overnight at 4 o C while rotating with either normal rabbit immunoglobulin G (IgG) (Santa Cruz Biotechnology) or anti-FOXO3 antibody (H-144; Santa Cruz Biotechnology) (1µg IgG/mg lysate). Immunocomplexes were then captured with protein A/protein G plus agarose (20µL packed beads/mg of lysate) for 1h at 4 o C and processed as described above. Endogenous immunoprecipitated FOXO3 was detected by immunoblotting with an anti-FOXO3 rabbit antibody (Cell Signaling).
Tandem affinity purification (TAP) and mass spectrometry 15
Briefly, HeLa cells expressing exogenous FOXO3 fused to tandem FLAG and HA epitopes (FOXO3-FLAG-HA) were lysed in EBC buffer as described above. Cell lysates were first immunoprecipitated with anti-FLAG (M2) affinity gel (Sigma) for 2h at 4 o C. FLAG immunocomplexes were washed three times with EBC lysis buffer and FOXO3-FLAG-HA was eluted with 150ng/µl 3X FLAG peptide (Sigma). FLAG peptide eluates were then immunoprecipitated with anti-HA (HA7) agarose affinity resin (Sigma) for 2h at 4 o C, washed three times with EBC buffer, and eluted with 1µg/µl HA peptide (Sigma). The lysate was then fractionated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then silver stained. The marked protein bands were excised from the gel and analyzed by microcapillary LC/MS/MS techniques (Taplin Mass Spectrometry Core Facility, Harvard Medical School, Boston, MA, USA) by using a LTQ FT Ultra Hybrid Mass Spectrometer (Thermo Electron).
RESULTS
Novel FOXO3 binding partners discovered by using a TAP-MS strategy
In order to discover novel binding partners and regulators of FOXO3, we have employed a Tandem Affinity Purification ( Figure  1A ). Coimmunoprecipitated proteins with FOXO3 were separated by SDS-PAGE, stained with Silver stain and the binding partners were identified by Mass Spectrometry ( Figure 1B) . Interestingly, one of the discovered proteins is PLK1 ( Figure 1B, C & D) , a proto-oncogene kinase critical for cell cycle progression and important in tumorigenesis and metastasis of various types of cancers [23] [24] [25] [26] [27] [28] [29] . Moreover, other binding partners were also identified in complex with FOXO3. A selection of some of these proteins is presented in Figure 1D . Several of the PP2A subunits were also identified. We have previously reported PP2A as a phosphatase that can dephosphorylate FOXO3 at AKT-dependent phosphorylation sites leading to its activation 15 . Moreover, several known FOXOs binders were also identified in our screening, which validates our strategy. For example, USP7 was previously identified as a FOXO4 deubiquitinating enzyme 40 , while 14-3-3 is a well known scaffold protein that binds and keeps FOXOs in the cytoplasm, where they can be degraded 41 .
Screening validation: PLK1 kinase forms a complex with FOXO3 and other FOXO family members (FOXO1 & FOXO4)
We next validated the PLK1-FOXO3 interaction by using a co-immunoprecipitation strategy in HeLa cells. Exogenous FOXO3 co-immunoprecipitates with endogenous PLK1 (Figure 2A) , while endogenous PLK1 also co-immunoprecipitates with exogenous FOXO3 (revers co-immunoprecipitation, Figure 2B ). Since in many cellular settings FOXO family members have redundant functions, we aimed to determine if other FOXO family members also form a complex with PLK1. Indeed, exogenous FOXO1 and FOXO4 form a complex with endogenous PLK1, suggesting that FOXO-PLK1 interaction is conserved between FOXO family members (FOXO1, FOXO3 and FOXO4). This suggests that a conserved sequence in FOXO3 is responsible for PLK1 binding ( Figure 2C ).
We further validated the PLK1-FOXO3 interaction by using GST pull-down studies. Purified GST- A. HeLa cells were transfected with either pcDNA3-EV-FLAG-HA (Control) or pcDNA3-FOXO3-FLAG-HA and exogenous FOXO3 was immunoprecipitated by using an anti-FLAG antibody. The results show that exogenous FOXO3 is co-immunoprecipitated with endogenous PLK1 in HeLa cells. B. HeLa cells were transfected with either pcDNA3-EV-FLAG-HA (Control) or pcDNA3-FOXO3-FLAG-HA and endogenous PLK1 was immunoprecipitated by using an anti-PLK1 antibody. The results show that endogenous PLK1 is co-immunoprecipitated with exogenous FOXO3 in HeLa cells (revers immunoprecipitation). C. HeLa cells were transfected with either pcDNA3-EV-FLAG (Control), pcDNA3-FOXO1-FLAG, pcDNA3-FOXO3-FLAG and pcDNA3-FOXO4-FLAG. Exogenous FOXO1/FOXO3/FOXO4 was immunoprecipitated by using an anti-FLAG antibody. The results demonstrate that all three FOXO family members can form a complex with endogenous PLK1; D. Purified GST-FOXO3 protein was incubated with lysates from PLK1-FLAG transfected HeLa cells. GST pull-down reveals that GST-FOXO3 forms a complex with PLK1 (detected with an anti-FLAG antibody). GST is used as a negative control, while 14-3-3, a known scaffold protein of FOXO3, is used as a positive control. Results obtained with several different concentrations of NP40 detergent are shown. E. Asynchronous and synchronized proliferating HeLa cells in different phases of the cell cycle were used to evaluate the endogenous-endogenous interaction between FOXO3 and PLK1. Cells were synchronized with Nocodazole and released. Cells collected at 0, 5, 10, 15 and 20h after Nocodazole release were evaluated for cell cycle phases by analyzing the Cyclins expression (B1, A), which are particularly expressed in specific phases of the cell cycle (see right panel of the lower figure). PLK1 is also expressed at highest levels in mitosis and can itself be used as an indicator of cell cycle phase. Immunoprecipitated endogenous FOXO3 co-immunoprecipitates with endogenous PLK1. While the FOXO3-PLK1 complex can be seen during all phases of the cells cycle and in asynchronous cells, most PLK1 is bound to FOXO3 during the M/G2-M phases of the cell cycle. This is probably due to the fact that PLK1 has the highest expression during these phases of the cell cycle; PLK1 activity is determined by measuring the phosphorylation of NPM at Ser4 (site phosphorylated by PLK1) 42 .
FOXO3 forms a complex with exogenous PLK1 (detected with an anti-FLAG antibody) ( Figure 2D ). Moreover, endogenous FOXO3 also coimmunoprecipitates with endogenous PLK1 ( Figure  2E ). While FOXO3-PLK1 endogenous-endogenous interaction occurs in almost all phases of the cell cycle, the highest amount of FOXO3-PLK1 complexes can be seen during the M/G2-M phases of the cell cycle ( Figure 2E ), when the expression of PLK1 is the highest. PLK1 is critical for G2-M transition, M phase progression and M-G1 phase transition. Thus, its highest expression occurs during these phases of the cell cycle 23, 26 , as also observed in Figure 2E (lower panel). Interestingly, there is a shift in the FOXO3 band in the M/G2-M phases of cell cycle ( Figure 2E, upper panel) , which may be due to the mitosis-induced post-translational modifications of FOXO3, such as phosphorylation by mitosis-activated kinases. Further experiments need to be performed to confirm this hypothesis.
We also confirmed the endogenousendogenous interaction in 293T cell line (Supplementary Figure 1) . PLK1 activity is determined by measuring the phosphorylation of NPM at Ser4 (site phosphorylated by PLK1) 42 . Cyclins were used to estimate the cell cycle phases.
PLK1 binds FOXO3 at specific sites
To get more insights into what region or specific sites in FOXO3 bind PLK1, we designed and developed several FOXO3 deletion mutants, corresponding to the amino acids (aa) 1-400, 1-270, 1-219, 1-104 ( Figure 3A) , which may include one or more functional domains of FOXO3 ( Figure 3B ). Moreover, we also designed mutants of the FOXO3 and FOXO1 core consensus binding motifs 43, 44 predicted to bind PLK1. One core consensus binding motif (S-pS/pT-P/X, Figure 3C , where "S" is Serine, "pS" is phosphorylated Serine, "pT" is phosphorylated Threonine and "P" is Proline) exist in FOXO3 (S173), three in FOXO1 (S41, S383, S394) and none in FOXO4 (Supplementary Figure  2) . We designed mutants (site directed mutagenesis) for all these sites (S173A (FOXO3), S41A, S383A and S394A and combinations of these (FOXO1)). Our results demonstrate that PLK1 can interact with aa 1-270, but not with aa 1-219 of FOXO3, suggesting that the region between aa 219-270 is important for binding ( Figure 3D) . Mutations of the core consensus sequences in FOXO3 and FOXO1 do not have any effect on PLK1 binding to FOXO3 ( Figure 3D (FOXO3) and data not shown (FOXO1)). This is what we actually expected, since the core consensus sequence is not preserved between FOXO1, FOXO3 and FOXO4 and we previously shown that PLK1 binds to all these three FOXO family members. However, if we consider a shorter variant of the core consensus sequence (SpS/S-pT), there are three sites that are conserved between the three FOXO family members. A mutant of all these three sites significantly decreases the binding of PLK1 to FOXO3, suggesting that one or more of these sites are important in binding ( Figure 3E ). As expected, one of these three sites (S231-S232) is found in the 219-270 region, which we have established to be important in binding, suggesting that this site may have a significant contribution to the PLK1 binding to FOXO3. However, single mutants do not seem to have a striking effect on decreasing PLK1-FOXO3 binding (data not shown). Also, the triple mutant does not completely abolish the PLK1 binding to FOXO3, suggesting that additional binding sites may exist. 14-3-3 similarly binds FOXO3 (F3 WT) and the triple mutant of FOXO3 (F3 3D), suggesting that the decrease in binding is not due to a non-specific triple mutation-induced disruption of FOXO3 conformation.
PLK1 regulates FOXO3 nuclear localization and total levels
In order to establish if PLK1 has any effect on FOXO3 total levels, increasing levels of PLK1 protein were expressed in HeLa cells ( Figure 4A ). PLK1 expression induces a decrease in total levels of FOXO3 ( Figure 4A ). We further investigated if PLK1 knock-down ( Figure 4B ) or PLK1 expression ( Figure 4C & D) have any effect on FOXO3 localization. Endogenous PLK1 knock-down induces endogenous FOXO3 localization into the nucleus ( Figure 4B ), while PLK1 expression decreases endogenous FOXO3 levels in the nucleus, showing that FOXO3 localization is controlled by PLK1. FOXOs localization into the nucleus is a requirement for its transcriptional activity, since it needs to bind the DNA 45, 46 . Thus, these results suggest that PLK1 induces the exclusion of FOXO3 from the nucleus, which should result in the inhibition of its transcriptional functions.
PLK1 downregulates FOXO's targets Bim and p27
Since PLK1 induces FOXO3 exclusion from the nucleus, we further investigated its effect on FOXO3-dependent expression targets Bim and p27. We demonstrate here that PLK1 expression induces a decrease in expression of both Bim and p27 ( Figure 5A & B) . Moreover, PLK1 induces a decrease in total FOXO3 and FOXO1 levels. It is well established that FOXO family members are degraded into the cytoplasm by an ubiquitindependent mechanisms, by the proteasome 1 , after relocation from the nuclei to the cytoplasm. Since PLK1 induces relocalization of FOXO3 into the cytoplasm (Figure 4 ), this decrease in FOXO3 levels may be explained by its proteasomedependent degradation in the cytoplasm. However, this hypothesis remains to be established.
CONCLUSIONS
Our studies herein suggest that PLK1 forms a complex with FOXO3 and other FOXO family 43, 44 ("S" is Serine, "pS" is phosphorylated Serine, "pT" is phosphorylated Threonine and "P" is Proline); D. Finding PLK1 binding region in FOXO3. HeLa cells were transfected with either pcDNA3-EV (Control) or pcDNA3-FOXO3 deletion mutants and exogenous FOXO mutants were co-immunoprecipitated (using an anti-FLAG antibody) with endogenous PLK1, in HeLa cells. Results show that the region between the amino acids (aa) 219-270 of FOXO3 is important for PLK1 binding; E. A mutant of the three SS/ST conserved sites between FOXO family members significantly suppresses the binding of PLK1 to FOXO3. members and suppresses their nuclear localization and activity. The binding takes places during most phases of the cell cycle, being more prominent during the G2-M phases of the cell cycle. PLK1 is able to bind FOXO3 by using multiple binding sites, the most important region of FOXO3 being the one between the amino acids 219 and 270. PLK1 induces the exclusion of FOXO3 from the nucleus, resulting in a decrease in the expression of FOXO3-dependent targets Bim and p27, while the PLK1 knock-down can induce the opposite effect, resulting in FOXO3 accumulation into the nuclei. Moreover, PLK1 is able, at least in vitro, to phosphorylate FOXO3 (Supplementary Figure 3) at multiple sites (data not shown -Mass Spectrometry analysis of the FOXO3 bands shown in Supplementary Figure 3) , suggesting that PLK1 may be a potential FOXO3 kinase. However, additional experiments are required in order to analyze the PLK1 potential to phosphorylate FOXO family members. PLK1 expression also induces a decrease in total FOXO1 and FOXO3 levels, which can be explained by our results of PLK1-dependent exclusion of FOXOs from the nucleus to the cytoplasms, where FOXO may be degraded by the proteasome 1 ( Figure 6 ). A. HeLa cells were transfected with either EV-FLAG or increasing concentrations (2µg, 6µg) of PLK1-FLAG and the expression of FOXO1, FOXO3, BIM, p27, PLK1, P-NPM1 Ser4 & NPM1 was monitored by western blot. PLK1 induces a decrease in BIM (24h) and p27 (18h and 24h), well known FOXO targets; B. HeLa cells were transfected with EV-FLAG or PLK1-FLAG. Expression of p27 was evaluated. The results show that PLK1 decreases p27 levels; β-Actin was used as a loading control; PLK1 activity is determined by measuring the phosphorylation of NPM at Ser4 (site known to be phosphorylated by PLK1) 42 ; SC = anti-FOXO3 antibody from Santa Cruz Biotechnology; Model of how PLK1 controls FOXO3 localization, levels and activity PLK1, considered a proto-oncogene 25, 47, 48 , is a novel promising target for the treatment of a variety of pathologies, since it is found overexpressed in many malignancies and its expression increases the risk for metastasis [24] [25] [26] . Several novel PLK1 inhibitors, such as BI2536, are now in clinical trials for the treatment of leukemia and other types of cancers. Our results demonstrate that PLK1 inhibits FOXO tumor suppressors, suggesting that this is a new mechanism of inactivating FOXO proteins in cancer.
Interestingly, it was previously suggested that PLK1 expression is controlled by FOXO3 during certain phases of cell cycle 49 . Our own experiments (data not shown) confirm that FOXO3 expression induces an increase in PLK1 levels. Thus, PLK1 and FOXO family members may function in a negative feedback loop, controlling both FOXO-induced cell death/cell cycle arrest and PLK1-mediated proliferation/cell cycle progression. Additional studies need to be performed in order to investigate this hypothesis.
Taken together, our results highlight the importance of a new regulatory mechanism of FOXO tumor suppressors by the PLK1 protooncogene.
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♦ Our results uncover a new inhibitory mechanism of FOXO tumor suppressor proteins in cancer. Since FOXOs are inactivated in a wide variety of malignancies, it is important to uncover druggable mechanisms of their suppression.
♦ The TAP-MS screening identified PLK1 as a FOXO3 suppressor. Noteworthy, PLK1 inhibitors are now in clinical trials for a wide variety of malignancies.
